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Laminated dark calcareous oozes/chalks/limestones as well as clayey and marly mudstones/claystones with high 
organic carbon contents were deposited during Jurassic, Early and Late Cretaceous times in the Atlantic, Pacific and 
Indian Oceans. In the South Atlantic, this sedimentary facies has been encount red only in drill sites close to the 
American and African continental margins. The reconstructed paleogeography of the South Atlantic, the paleodepth 
of deposition, and the fossil content of these sediments make clear that the Late Cretaceous anaerobic paleoenviron- 
ment developed under the influence ofan oceanic mid-water oxygen minimum at moderate water depths (500-2500 
m), because oxygenated sediments have been observed in the deep basin elsewhere. Whether the Early Cretaceous and 
Jurassic anaerobic sediments were deposited in an euxinic basin or under an oceanic mid-water oxygen minimum re- 
mains an open question because the few drill sites have not sampled the deepest part of the Early Cretaceous and (?) 
Jurassic South Atlantic basins. 
1. Introduction 
Anaerobic sediments i dicative of a reducing depo- 
sitional environment are not extensive in the open 
ocean. Today they are restricted either to isolated 
basins whose bottom waters are not, or are only very 
slowly, renewed, or to substrates beneath the oceanic 
mid-water oxygen minimum developed under highly 
fertile and productive surface-water masses along con- 
tinental margins [I ]. This fact has been well known 
for several decades [2], but these two separate deposi- 
tional environments are hard to distinguish because 
laminated anaerobic sediments which have a high or. 
ganic carbon content occur in both [3]. Two modern 
environments which can probably be assumed to rep- 
resent analogs of any fossil record for a depositional 
environment of laminated marine sediments rich in or- 
ganic matter are shown in Fig. 1. 
The Black Sea represents he modern present example 
of an anoxic basin (Fig. 1). A marked pycnocline at 
150-200 m water depth separates the well-oxygenated, 
low-salinity and warm surface water from the anoxic 
deep-water masses which are of higher salinity and con- 
tain large quantities of hydrogen sulfide [4,5]. Rich 
zoobenthic faunas populate the region shallower than 
150-175 m [6], but are absent from the fine-grained 
laminated clayey and marly muds of the anaerobic 
depths [7] because of high concentrations of dissolved 
hydrogen sulfide. Organic carbon contents of the sedi- 
ments range from <1% in the shallow-water regions to 
>5% in the basin deep [8]. 
Sediments deposited under anaerobic onditions 
also occur in the open ocean where a oxygen minimum 
impinges on the bottom under highly fertile and pro- 
ductive surface water. The reduction of the dissolved 
oxygen content mainly results from the oxidation of 
organic matter settling through the water column. A 
typical case of this depositional environment occurs in 
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Fig. 1. Schematic representation of the aerobic/anaerobic water masses and their impact upon thedistribution ofsediments in the 
Black Sea and in the northern Indian Ocean. Data for the Black Sea have been taken from Sverdrup et al. [4] and Degens and Ross 
[45]; for the northern Indian Ocean from Wyrtki [9] and van Stackelberg [10]. 
the northwestern I dian Ocean where the dissolved 
oxygen content approaches zero between water depths 
ranging from 150-200 to 800 m [9]. Where this mid- 
water oxygen minimum intersects the continental mar- 
gin (open upper continental s ope), laminated fine- 
grained muds with igh organic arbon contents cover 
the sea floor (Fig. 1). Below the oxygen minimum 
zone, a layer of oxygenated sediment, increasing in 
thickness with increasing depth and dissolved oxygen 
content in the bottom waters, was observed along the 
continental margin off India and Pakistan [10]. Though 
the dissolved oxygen values approach zero in the cen- 
ter of the oxygen minimum layer, the sediments which 
appear to be anaerobic yield indigenous benthic for- 
aminiferal faunas [11]. Similar observations have also 
been made along the western North and South Ameri- 
can continental margin where a well-developed mid- 
water oxygen minimum occurs at present [ 12]. 
2. Anoxic sediments in the Late Mesozoic South At- 
lantic Ocean 
Neither of these two environmental settings pro- 
duces regionally widespread anoxic sedimentary facies. 
Thus, it was unexpected when the Deep Sea Drilling 
Project recovered Late Mesozoic sediments from drill 
sites in the Indian and the Atlantic, as well as from the 
Pacific Ocean which had obviously been deposited 
under anoxic conditions and which therefore had many 
of their primary sedimentary structures preserved. 
Most of the sites in the Atlantic and Indian Oceans are 
located close to continental margins, but Late Meso- 
zoic anoxic sediments in the Pacific Ocean occur on 
the flanks of seamount chains (or plateaus) inthe open 
ocean [ 13,14], where well-oxidized paleoenviron- 
ments of similar age existed in deep water [15]. This 
coincidence points to the existence of a strong mid- 
water oxygen minimum (at approximately 500-1500 
m water depth) in the Pacific Ocean during mid-Creta- 
ceous [16]. However, the Atlantic and Indian Oceans 
were no more than narrow, young basins during the 
Late Mesozoic and might well have turned totally stag- 
nant as the Black Sea nd the Cariaco Trench are to- 
day, or as the eastern Mediterranean has been during 
certain time spans of the Late Pleistocene. In this 
paper we discuss the paleoenvironment of laminated, 
dark mudstones, chalks and limestones of Early and 
Late Cretaceous age that have been penetrated in
South and Central Atlantic drill sites during DSDP 
Legs 14, 36, 39 and 40 [17-20]. We shall therefore 
present a reconstruction f the paleogeography of the 
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South Atlantic Ocean during the Early and Late Creta- 
ceous (Fig. 2), reconstruct the paleodepth of deposi- 
tion of all occurrences of anaerobic sediments in the 
South Atlantic Ocean during this time span (Fig. 3), 
and try to compare their sedimentary facies with 
modern analogs (Fig. 4), such as those found in the 
Gulf of California, a young and narrow ocean basin 
[21 ], which could have much in common with the 
narrow and young early Atlantic Ocean. Due to the 
limited nature of our data we are not going to discuss 
reasons why the anaerobic sediments occur simulta- 
neously during relatively short, but well-defined, pe- 
riods in widely distant regions of the Late Mesozoic 
oceans; also we do not consider the possibility that the 
organic arbon contents of these sediments might be 
entirely detrital in origin. 
3. The paleogeography and paleobathymetry of the 
Late Mesozoic South Atlantic Ocean 
We have adopted apaleogeographic and paleobathy- 
metric reconstruction f the South Atlantic [22] 
based on plate rotations and sea-floor subsidence with 
age [23]. Fig. 2 shows maps for 80 and 110 m.y.B.P. 
representing approximately the anaerobic sediment 
ranges of 75-95 and 100-110 m.y.B.P., respectively. 
In addition, we note that the drill sites on the Falk- 
land Plateau penetrated anoxic sediments of Jurassic 
age [18]. 
During Aptian/Albian times the South Atlantic was 
a narrow, elongated ocean consisting of a number of 
basins some of which may have been more than 3 km, 
but probably less than 4 km deep, and separated from 
each other by other ridges rising close to or even above 
sea level [24]. The connection of the Albian/Aptian 
South Atlantic to the Southern Ocean was broad and 
relatively shallow except for a narrow, deep channel 
just south of Africa; the North and South Atlantic 
Oceans may have been connected through anarrow 
basin which was probably less than 1-2 km deep and 
which did not permit an exchange of the deep-water 
masses. Aptian/Albian sediments have been encoun- 
tered only in six drill sites; five drill sites in the South 
Atlantic [18,20] penetrated sapropels [25-27] and 
black mudstones while extensively burrowed and 
mottled calcareous mudstones were encountered at
site 144 in the southern North Atlantic [17]. Most sites 
with Aptian/Albian sediments in the South Atlantic 
are situated close to the continental margin and only 
site 361 sampled alocation close to the former deepest 
portion of the Early Cretaceous Cape Basin. 
Twenty million years later the South Atlantic Ocean 
(Fig. 2) had widened to about wice its former size; 
the main basins had deepened to more than 4 km water 
depth and the ocean was connected to the North At- 
lantic as well as to the southern oceans through wide 
gaps allowing for the exchange of deep as well as sur- 
face water. Sites where late Cretaceous sediments 
have been found are scattered throughout the South 
Atlantic; they are located on the continental margins, 
the aseismic ridges and in the deep parts of the former 
ocean basin. Laminated very dark or even black anaero- 
bic sediments have been found on the Sao Paulo 
Plateau and on the Rio Grande Rise [28], and along 
the southwest African continental margin [29]. Sedi- 
ments of Late Cretaceous age deposited under oxy- 
genated conditions have been recovered from the Bra- 
zilian Basin during DSDP Legs 4 [30] and 39 [28], 
and from the Argentinian Basin during DSDP Legs 36 
[31] and 39 [28]. 
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Fig. 2. Distribution of anoxic sediments in the Campanian- 
Cenomanian d Aptian-Albian deposits of the South Atlan- 
tic. Paleogeography and paleobathymetry after Baumgartner 
and van Andel [38] and Sclater et al. [22] for 80 and 110 
m.y.B.P., respectively. Numbers are DSDP drill site identifica- 
tions; the bathymetric contours are in kilometers. Ages on 
maps represent time spans for which sediments are shown. 
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It is interesting to note that the sapropelic sediments 
seem to have a wider distribution in the drill sites off 
the eastern rather than off the western South Atlantic 
continental margins though this result might be biased 
by the location of the drill sites. Most highly fertile 
and productive regions of the major ocean basins to- 
day as well as probably in former times are part of the 
eastern boundary currents with their upwelling systems. 
Accordingly, the oceanic mid-water oxygen minima 
are developed most strongly in the eastern part of the 
oceans while their intensity decreases westwards [32]. 
4. The paleodepth of deposition of anoxic sediments 
To reconstruct the paleodepth of deposition of 
anoxic sediments from the South Atlantic (Fig. 3) we 
have used the method of Berger [33] for those drill 
sites where the necessary data (sediment ages and thick- 
nesses, age and depth of basaltic basement) were avail- 
able. The subsidence of aseismic ridges seems to follow 
a curve similar to the subsidence of oceanic basaltic 
basement [34], though these structural highs rise to 
several thousand meters above the surrounding normal 
sea floor (the subsidence curve therefore has to be 
raised vertically by this difference). The occurrences 
of  shallow-water sedimentary components in several 
drill sites on the flank of Rio Grande Rise [24] and of 
Walvis Ridge [28] allow us to monitor the subsidence 
of these aseismic ridges with time in considerable de- 
tail. The subsidence curve of sites where we have had 
to extrapolate the age and depth of the basaltic base. 
ment are evidently much less reliable. The subsidence 
of sites on continental basement (sites 327 and 330) 
cannot be reconstructed atpresent, since we do not 
know enough about the vertical tectonic movements 
of stable continental margins after the initial rifting 
[35]. However, the occurrences of macrofossils (lno- 
ceramus p. [31,36]) seem to indicate that these sites 
have also subsided a few thousand meters ince Late 
Mesozoic times. 
Four alternatives exist for the subsidence of site 
364 which terminated just above 3 km thick evaporite 
sequence on basement of about 115 m.y.B.P. (anom- 
aly M-4) judging from geophysical data [29]. If the 
salt is autochthonous, it must have been deposited in 
a water depth of about 2.5 km or in a >2 km deep 
subaerial depression [37]. If the salt had been injected 
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Fig. 3. Variation of lithology of South Atlantic drill sites with 
paleodepth and age. Heavy black lines: anoxic sediments inter- 
bedded in sequence; thin lines: sediments poor in organic mat- 
ter; arrow heads: basaltic basement. Two subsidence curves 
are given for site 364: upper one assumes salt flow during 
Turonian-Cenomanian, lower one during Oligocene [381. Sub- 
sidence for sites 327 and 330 is unknown; the symbols are 
located at present depth, although the macrofossils seem to 
indicate that this site was at considerably shallower water 
depth during Late Mesozoic times [36]. Lithology directly 
from core descriptions. 
into the area later by salt tectonics analogous to that 
of the Gulf of Mexico, two periods can be considered. 
There is evidence for considerable salt deformation i  
the Oligocene [38], but migration at this time yields 
an early subsidence history not in accord with the 
paleodepth distribution of calcareous sediments [39]. 
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Hence, we have assumed an early salt migration about 
90-100 m.y. ago, which yields the upper of the two 
subsidence curves in Fig. 3. 
The reconstructed depths of deposition of  the Late 
Mesozoic anoxic sediments of the South Atlantic oc- 
cupy a wide range between 500 and 3000 m (Fig. 3). 
The Early Cretaceous (Albian/Aptian) sapropelic lay- 
stones of sites 327 and 330 on the Falkland Plateau 
are now in water depths of 2500 to 3000 m but were 
certainly much shallower at the time of deposition. 
Site 361 shows that Early Cretaceous anoxic sediments 
also occurred on the western (mid-ocean ridge) flank 
of the Cape Basin (Fig. 2) in the same water depth. 
However, since we do not have samples from the 
deepest part of this basin nor of the Argentine Basin, 
it is impossible to ascertain whether the basin centers 
were also anoxic or if the sapropelic deposits in shal- 
lower water belonged to an oxygen minimum like 
those of the Late Cretaceous. The Late Cretaceous 
sediments seem to have been deposited at considerably 
shallower water depths, and we possess edimentary 
records (Figs. 2 and 3) which monitor the oxygenated 
deep-water paleoenvironment during the deposition of 
the anoxic laminated marls and claystones. 
5. Lithologies of anoxic sed iments  
The organic carbon contents of these sediments 
taken from the site reports, have been plotted against 
the projected water depth (Fig. 4). The anaerobic sedi- 
ments have organic carbon contents of up to more 
than 10%. Otherwise, the sediments which have been 
deposited in the Late Mesozoic South Atlantic in an 
anaerobic paleoenvironment, span a wide range of dif- 
ferent lithologies (Table 1). The dominant sedimentary 
facies in the near-continent sites (especially on the 
southwest African side) are dark olive gray to black 
sandy-silty claystones or black shales, while sites fur- 
ther offshore or into the flanks of structural highs con- 
tain marly chalks and limestones. Common to all oc- 
currences, however, are the dark, if not black, hues 
and frequent laminations in the millimeter scale. At 
many sites, the uppermost limit of the anoxic facies is 
not a sharp one but laminated and intensively bur- 
rowed portions of the sediment column alternate in a 
cyclic manner, the thickness and the frequency of the 
laminated layers decreasing upwards while more and 
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Fig. 4. Variation of the organic arbon content of sediments 
with paleodepth for the 70-95 and the 95-110 m.y.B.P. 
periods in the South Atlantic (data from DSDP site reports). 
Dashed line isan envelope to facilitate comparison with the 
inserted curve representing the relationship between organic 
carbon contents of the surface sediments and water depth of 
deposition (Holocene) in the Gulf of California [21 ]; the 
laminated, diatomaceous continental slope sediments in the 
Gulf of California have been described in detail [40] and can 
be related to the oceanic mid-water oxygen minimum [41 ] in
this region. 
more of the sediment column is burrowed. Simulta- 
neously, the sediment colors change to light brownish 
and reddish gray. The increased burrowing as well as 
the color changes eem to be indicative of  better oxy- 
genated bottom-water masses and of a paleoenviron- 
ment more favorable to benthic life than the anoxic 
sediments. The cyclic nature of these frequent changes 
(for example, well developed in sites 356 and 357) 
represent an interesting monitoring device for the 
TABLE 1 
Occurrences of anoxic sediments in the Late Mesozoic South Atlantic Ocean (lithology and ages from shipboard core descriptions) 
DSDP site nos. Type of anoxic Age Nature of under- Nature of over- Remarks and sources 
(water depths) sediment lying sediment lying sediment of information 
144 zeolitic black and Late Aptian to Late Albian to zeolitic gray- benthic foraminifers 
Top Demerara Rise olive marl, high Early Turonian Early Aptian greenish Late more abundant than 
(2957 m) Corg contents olive gray marls Campanian to planktonic ones 
and shelly lime- Early Maestrich- [ 17 ] 
stone tian marls 
327 Nanno-rich olive Aptian? olive gray Neo- Early to Middle 
Falkland Plateau gray to black comian clay- Albian gray 
(2411 m) sapropelic clay- stones nanno claystones 
stones 
330 olive black, lami- ?Middle-Late Middle(?)-Late Early to Middle 
Falkland Plateau nated sapropelic Jurassic Jurassic silts/ Albian light 
(2636 m) clay/claystones (Callovian, clays with ben- brown zeolite- 
Oxfordian) to thic and nektonic rich nanno clays 
Neocomian molluscs, under- 
lain by Precam- 
brain gneisses 
and granites 
1311 
Large molluscs: lno- 
ceramus and belemnite 
[31] 
356 laminated ark, Late Albian not penetrated Late Turonian 
Sao Paulo marly dolomitic calcareous mud- 
Plateau limestone stones 
(3203 m) 
dark, calcareous Late Turonian Late Albian marly dark gray, mod- 
mudstones dolomitic lime- erately burrowed 
stones Coniacian calca- 
reous mudstones 
with Inoceramus 
[28] 
357 siliceous marly Santonian not penetrated 
Rio Grande Rise limestone 
(2086 m) 
361 laminated black Early Aptian not penetrated 
SW African con- shales and sandy (?) to Albian 
tinental margin mudstones 
- Cape Basin 
(4549 m) 
363 
Walvis Ridge 
(2247 m) 
364 
SW African con- 
tinental margin 
- Angola Basin 
(2449 m) 
Santonian marly 
limestones 
dark gray shales 
alternating with 
grayish red clay- 
stones (Cre- 
taceous?) 
frequent Inoceramus 
[281 
[29] 
yellowish gray Late Aptian to Early Cretaceous Campanian gray uppermost part cycli- 
laminated lime- Albian, Turoni- limestones with to grayish brown cally intensively bur- 
stones to carbon- an to Santoni- calcarenite marly nanno- rowed [291 
aceous mudstones an layers fossil chalk 
?Middle Albian 
olive to brown- 
ish gray lime- 
stones 
Coniacian-San- 
tonian greenish 
gray to grayish 
brown nanno- 
fossil chalk to 
claystone 
alternating bur- Late Aptian heavily burrowed 
rowed dolomitic to Early dolomites of un- 
limestones and Albian known age 
black laminated 
shales 
black sapropelic Late(?) Albian Late Albian 
shales to Coniacian- greenish gray 
Santonian to reddish brown 
burrowed nanno- 
fossil chalk 
uppermost part cycli- 
cally intensively 
burrowed [291 
[291 
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oxygen contents of the oceanic bottom water masses. 
Benthic fossils from the Cretaceous anoxic sediment 
are only rarely mentioned. However, benthic foramini- 
fers and large molluscs (bivalves, cephalopods) are 
mentioned here and there in the core descriptions 
(see Table 1). Large fragments of the thick prismatic 
layer of Inoceramus [36] which seem to have inhabited 
soft mud bottoms of the outer shelf and upper conti- 
nental slope as epibenthos are a conspicuous faunal 
element. At present, we have no means of evaluating 
whether these fossils might be displaced from shallower 
water depths. 
6. Similarities and dissimilarities to analogous modem 
sediments 
The anoxic sediments of the Late Mesozoic South 
Atlantic Ocean resemble in many ways deposits which 
are found today in regions of well-developed oceanic 
mid-water oxygen minima, such as in the Gulf of 
California, off Peru, off southwest Africa, and off the 
Indian subcontinent [10,21,40-43]. The similarities 
consist of the generally fine grain size of the sediments, 
the primary sedimentary structures (laminations), the 
colors of the sediments (dark olive/dark greenish gray 
to black), the presence of indigenous benthic faunas 
(foraminifers [11,12]), the high organic contents of 
the sediments (Fig. 4), and of a depositional environ- 
ment in intermediate o shallow water depth along the 
continental margins (Figs. 2 and 3). The dissimilarities 
consist of compositional nd faunal/floral differences; 
modern oceanic anaerobic sediments are usually rich 
in diatoms which virtuelly did not exist in the Late 
Mesozoic (though Late Cretaceous diatomites have 
been observed in fossil upper continental slope sedi- 
ments in California [44]), whereas the Late Mesozoic 
anaerobic sediments contain remains of large epiben- 
thic bivalves (lnoceramus) which are now extinct. It 
also seems that anoxic depositional environments, 
which are restricted in today's ocean, were much more 
widespread in the South Atlantic during the Late 
Mesozoic. This wider distribution might well result 
from the fact that the South and North Atlantic Oceans 
were linked only through a relatively narrow and pos- 
sibly intermittent connection during the Early Creta- 
ceous (Fig. 2) and that the whole Atlantic Ocean was 
closed to the north throughout the Late Mesozoic and 
Early Cenozoic thus allowing the existence of a mid- 
water oxygen minimum as strong as known today 
from the northern Indian Ocean [9]. 
Consequently, all evidence obtained from the anoxic 
sediments of the Late Mesozoic South Atlantic points 
to a depositional paleoenvironment such as we observe 
under today's oceanic mid-water oxygen minima. Al-
though this evidence satisfactorily explains the Late 
Cretaceous occurrences of anoxic sediments, the euxi- 
nic model cannot be totally discarded when discussing 
the Early Cretaceous and Jurassic anoxic sediments. 
The main deficiency of the older data is the lack of 
drill sites in the center of the former ocean basins that 
would prove which of the two models (Fig. 1) for the 
deposition of anoxic sediments applies to the Early 
Cretaceous South Atlantic and to the Jurassic deposits 
of the Falkland Plateau. 
7. Conclusions 
(1) Laminated ark calcareous oozes/chalks/lime- 
stones and marly mudstones with high contents of or- 
ganic carbon were deposited in the South Atlantic 
during Jurassic, Early and Late Cretaceous times. 
(2) All drill sites where the older Jurassic and Ap- 
tian/Albian anoxic sediments have been penetrated in
the South Atlantic Ocean, occupied originally positions 
close to the southwest African continental margin 
(Fig. 2). However, this result may be biased due to the 
scarce sample coverage. 
(3) Sites with Late Cretaceous anoxic sediments 
have been drilled along the southwest African conti- 
nental margin as well as along the South American 
continental margin and on Rio Grande Rise. In con- 
trast, an oxygenated facies was deposited in the Brasil 
and Argentine Basins as well as on the Falkland Plateau 
(Fig. 2) during this same period. 
(4) The paleodepths of deposition of Early Creta- 
ceous anoxic sediments range from 2500 to 3000 m 
(probably to much shallower water depths at the con- 
tinent near locations uch as Falkland Plateau drill 
sites); the paleodepth of deposition of the Late Creta- 
ceous ones range from <500 m to approximately 
2500 m (Fig. 3). 
(5) Sediments which were deposited in deep water 
during Late Cretaceous time simultaneously with the 
anoxic sediments prove that this anaerobic paleoen- 
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v i ronment  developed under  the inf luence of  an oceanic 
mid-water oxygen min imum.  
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